high-temperature conditions, the microwave sintering process is exceedingly sensitive in terms of material properties. Accordingly, the accurate measurement of temperature is infeasible when a microwave oven is utilized as the main apparatus. Therefore, a three-dimensional model built through the finite element software COMSOL Multiphysics was used to investigate the hybrid microwave sintering (HWMS) process. Numerical simulation of the entire microwave sintering process has been realized and it could reflect the actual sintering process. In this paper, the proposed numerical simulation entails four kinds of thickness of SiC rings. Specifically, three principal aspects were studied: the distribution of electric field, temperature variation and densification of powder injection molding (PIM) material. As a result, a significant "room-temperature" coupling was observed under the effect of susceptor in low dielectric-loss materials; The influence of susceptor ring thickness on temperature variation and densification of ceramic material was secured; The ultimate temperature remains steady at a certain heating time regardless of different thickness; The densification process was significant enhancement in the sintering stage.
INTRODUCTION
The merits of microwave sintering over conventional sintering process have been validated in high-temperature processing [1] [2] . Specifically, the implementation of sintering densification and temperature evolution is determined by material dielectric loss. Low dielectric materials, such as Al2O3 and ZrO2 [3] , are hard to achieve "room-temperature coupling" effect, thus there is a long warming-up time in the process of direct microwave sintering [4] . Moreover, microwave ignition included in this period leads to a disturbance of the whole sintering process. Meanwhile, a satisfied coupled effect with microwave is witnessed because of the high-loss factor of SiC [5] . Likewise, it can be used to solve the problem of "roomtemperature coupling" by thermal radiation to warm up the low dielectric-loss materials. Extensive efforts have been devoted to deal with this problem [6] [7] .
As a multi-physics coupling process, it is difficult to overview of the microwave sintering behavior of materials because of the diversity in experimental procedures. In other words, the accurate temperature measurement in microwave sintering was infeasible since common tools such as thermocouple or pyrometer provide insufficient measurement data and accuracy [8] . Meanwhile, the electromagnetic evolution during heating cannot be physically measured in spite of results are important to investigate the characteristic of microwave heating. Furthermore, it is difficult to predict the internal thermal field of the sintered material. Therefore, numerical simulation can be an effective method to estimate the response of each parameter during sintering. As a powerful software package, COMSOL is feasible to model the coupling behavior of multi-physics, including electromagnetic, heat transfer and the densification process of powder material [9] . The microwave dissipated power calculated from the electromagnetic equation provides a heating source that forms the inhomogeneous term of the heat transport equation.
The sintering process is determined by material properties such as thermal conductivity, specific heat capacity, complex permittivity and magnetic permeability, especially. All these parameters are temperature-dependent under high-temperature conditions. Although there were some studies related to the simulation of microwave sintering process [10] [11], the effect of temperature-dependent materials paraments has not been considered. The main objective of present paper is to suppose a finite element method to simulate the Multiphysics phenomena, coupling electromagnetic, heat transfer and mechanics model, with main consideration of the heat flux and heat radiation effects as well as the influence of temperature-dependence parameters. Three principal aspects were mainly investigated: (1) the distribution of electric field in the cavity; (2) the temperature evolution of PIM zirconia material; (3) the densification process of PIM zirconia material. The assist heating effects of SiC susceptor were also incorporated in the model.
II. MATERIALS AND GEOMETRIC MODEL

A. Geometry Model
The numerical simulation was performed in sing-mode microwave cavity with vacuum condition, which was connected to a 2.45GHz microwave source via a rectangular waveguide operating in the TE105 mode. The resonant cavity has a rectangular cross section and microwave produced by a magnetron were transported along the y axis in a rectangular waveguide (a×b = 43.18 mm×86.36 mm) of the same cross section and transferred to the cavity through an iris, the input power was 1000W.
Since it is easily lead to cracking by fast sintering, the sample was not located in places with high electric field intensity in present work. SiC susceptor was placed around the sample for assist heating, with different thickness (d varies from 1~4 mm) and inside diameter remains 6 mm. Notably, the susceptor did not completely shield the electric field. The thermal insulation cylinder was set to reduce heat loss, the insulation cylinder loss factor considered 0, which gave little effect to the electric field distribution in present study. The three-dimensional geometric model was developed in Figure I . B. Material Properties PIM zirconia ceramic was in fact a porous medium. Its porosity decreases during sintering process. Assuming the injected samples for sintering are formed with continuous phase, the effective dielectric properties of the porous medium at a given porosity are calculated according to the Maxwell-Wagner mixture rule:
where ε * a and ε * s is the relative complex dielectric constants of the air and ZrO 2 , respectively. Θ is the porosity. The heat capacity of per unit volume (ρC p ) eff of porous zirconia is:
where (ρC p ) s , (ρC p ) a are the values for zirconia and air, respectively. The thermal conductivity κ eff of porous zirconia is:
where κs, κa are the thermal conductivity (W/(m·K)) of full dense zirconia and air, respectively [12] [13] [14] [15] [16] .
III. MATHEMATICAL METHOD
A. Governing Equations
Electromagnetic waves solved in a frequency domain and the transient heat transfer physics are coupled to each other during the whole sintering process. In each time step, the calculation of the electromagnetic field and heat transfer must be updated. Maxwell's equation is used to obtain the electromagnetic field:
where μ r is the relative permeability, E is the electric field (V/m), ε 0 is the vacuum dielectric constant, ε′ is the relative dielectric constant, σ is the electric conductivity (S/m), ω is the angular frequency (rad/s). The heat conduction equation is given as:
where T is the temperature (K), qr is the heat flux (W/m), Qem is a volumetric source term due to microwave power absorption (W/m 3 ). When the electromagnetic wave interacts with dielectric materials, part of the electromagnetic energy will be converted into heat:
where the resistive loss is:
And the magnetic loss is:
where J is the current density (A/m 
B. Densification Law
The densification process is related to the sintering stress and the microwave promotive effect [17] . Densification is a thermally activated process. The activation energy for sintering is the key factor to determine the densification rate, as shown in (9) [18] .
The existing densification constitutive for PIM Zirconia ceramics has been introduced into the present work, as shown in (10) 
where ρ 0 is the initial relative density, taking value of 0.65 in present simulation.
C. Boundary Condition
The impedance boundary condition is imposed on the metal wall of the microwave cavity, where the electromagnetic field is regarded to penetrate only a short distance outside the boundary, given as:
n H E n E n n E n E (11)
The rectangular port was excited by a transverse electric wave. The boundary condition consists a parameter of propagation constant β, which is given by the expression as:
where v is the frequency (Hz), vc is a cutoff frequency (Hz). When the rectangular port is excited, the heat convection of sample surface and surrounding air is defined as:
where q conv is the convection heat flux (W/m), h is heat transfer coefficient (W/(m·K)), T ext is the room temperature. Heat radiation of the susceptor to the sample is:
where qrad is the thermal radiative heat flux (W/m), ε is the surface emissivity.
IV. RESULT
A. Distribution of Electric Field and Temperature Field
The electric field propagates through the iris in the cavity. Insulating material has little effect on the electric field. An ambient temperature of 300 K was assumed for the simulation. Figure II gives the results of electric field in cases with susceptor ring thickness is 4 mm at initial sintering. Due to the dielectric loss of SiC (27.99) is much greater than ZrO2 (0.1~1), it absorbs most of the electric field and is heated up more quickly, then leads to higher final temperature.
FIGURE II. THE DISTRIBUTION OF ELECTRIC FIELD
The absorption power for zirconia along z-axis is shown in Figure III . It details the absorbed microwave power within the zirconia ceramic at the initial sintering stage. The intense radiant heat caused by SiC lead the absorbed power sudden change suddenly at the zirconia sample surface. The power absorbed in zirconia ceramic made it virtually no attenuation in the sample, owing to the high penetration depth and standing wave patterns give rise to a power peak in the center of the sample. Figure IV provides the the evolution of temperature field, the maximum temperature Tmax and the difference between maximum temperature and minimum temperature (∆T=Tmax-Tmin) within the sample are chosen to be calibration parameter. It shows that the sample was rapidly heated at a rate of about 300 K·min -1 at the first 250s through heat radiation from SiC susceptor ring. It indicates that the susceptor can assist the sintered compacts to reach the dielectric-coupling temperature in a short time. Then the heating rate is gradually slowed down because there is a certain heat loss and the low thermal conductivity within the zirconia. As the thickness increasing, the ∆T gradually decreases; the ultimate Tmax remained steady with a small difference. 
B. Density Evolution
The densification process of porous compacts happens in the high temperature stage at T=800 K and enhances significantly at T=1000 K. At a certain sintering time, the final relative density of the sintered compacts reaches more than 90% in all cases with different susceptor thickness. The peak value reaches 94.8% in the case with the thickness 1 mm. Figure V gives the results of the evolution of relative density in cases with different SiC susceptor thickness.
FIGURE V. THE RELATIVE DENSITY EVOLUTION IN CASES WITH
DIFFERENT SUSCEPTOR THICKNESS Figure VI plots the ∆T and the difference of relative density (∆ρ=ρr,max-ρr,min) in cases with different susceptor thickness. ∆T varies from 137.4 K to 104.3 K while susceptor thickness varies from 1 mm to 4 mm. The thicker susceptor ring showed a more uniform distribution of temperature, also it led a more uniform densification. ∆ρ varied from 3.80 % to 3.13 % with susceptor thickness varied from 1 mm to 4 mm. Because the electric field within the sintered compacts will decrease while the susceptor thickness increases. The low electric field strength results in the uneven distribution of electric field, but it is not significant. In most cases overheating is induced by obviously nonuniform distribution of the electric field inside the product [19] , HMWS inhibits the risk of thermal runaway phenomenon. 
V. CONCLUSION
Numerical simulation of the entire microwave sintering process has been realized in the present paper. First, the distribution of electric field in the single-mode cavity has been showed, containing a cylindrical zirconia sample and SiC susceptor ring. Then the evolution of temperature and densification within the sintered compacts in cases with different susceptor thickness are investigated. It is notable that HMWS can also lead to a fast sintering, because the significant auxiliary heating effect happens when processing these lowdielectric materials. The significant densification process happens particularly in the sintering stage; the ultimate temperature remains steady at a certain heating time and will not be influenced by the different susceptor thickness. In present work, thermal radiation effect has been taking into account from the susceptor to the compact, and other heating losses have also been considered. However, for more accurate simulations, accurate parameters and constitutive laws for PIM zirconia material are required. It should be achieved reliably by experimental means in future work.
